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ABSTRACT

Many-body Coulomb effects influence the operation of quantum-well (QW) laser diode (LD) strongly. In the present
work, we study a two-band electron-hole plasma (EHP) within the Hatree-Fock approximation and the single plas-
mon pole approximation for static screening. Full inclusion of momentum dependence in the many-body effects is
considered. An empirical expression for carrier density dependence of the bandgap renormalization (BGR) in an
8 nm GaAs/Alg 3Gag 7As single QW will be given, which demonstrates a non-universal scaling behavior for quasi-
two-dimension structures, due to size-dependent efficiency of screening. In addition. effective mass renormalization
(EMR) due to momentum-dependent self-energy many-body correction, for both electrons and holes, is studied and
serves as another manifestation of the many-body effects. Finally, the effects on carrier density dependence of the
alpha factor is evaluated to assess the sensitivity of the full inclusion of momentum dependence.

Keywords: quantum well, laser diode, many-body effect, bandgap renormalization. effective mass, alpha factor

1. INTRODUCTION

Performance of semiconductor quantum-well laser diode is influenced by many-body effects in an important way.!?
At high excitation level semiconductors are described as an electron-hoel plasma. Coulomb interaction among
carriers results in several overall modifications in the semiconductor LD. First of all. energy dispersion of carriers
is changed due to exchange and correlation effect. A well-known example is BGR. Also, the interaction leads to
strong screening and scatterings at lasing carrier density. It is the ultrafast scattering timescale that allows the
assumption of quasiequilibrium for the carrier distributions. In addition, light-matter interaction is renormalized by
carrier-carrier interaction, which is exemplified by the Coulomb enhancement effect in the absorption spectrum of a
semiconductor.

Bandgap renormalization in semiconductor QW structrues has been extensively investigated. both theoretically
and experimentally.!71% After summarizing photoluminescence (PL) data for several semiconductor QW systermns,
Trankle et. al.”® seemingly revealed a universal scaling law for BGR in quasi-2D semiconductor QW structures, by
scaling with 2D excitonic Rydberg and Bohr radius. Jones et. al.'® used the quasi-2D excitonic Rydberg and Bohr
radius to scale their magnetoluminescence data for a series of 8 nm n-type GaAs/AlGaAs single QWs, and found
that their scaled data agrees excellently with the 2D theoretical result, after estimating a very large Bohr radius for
the undoped single QW.'® Apparently there is contradiction for these two PL experiments. It is counterintuitive
that BGR is scalable by 2D excitonic parameters and follows a universal behavior since BGR in quasi-2D is not
only influenced by intrinsic material parameters. such as effective masses and dielectric constant, but also by the
size of the structure because the screening of Coulomb potential is size-dependent, demonstrated by a form factor.’”
In theory. many-body effects in semiconductor heterostructures and gain materials are quite successfully described
in the framework of semiconductor Bloch equations (SBEs).!'®#1¢ Therefore. we will work with SBEs and take into
account of the quasi-2D nature of the EHP in an § nm GaAs/Alg 3Gag s As single QW. And theoretical details are
given in Section 2.

Another physical quantity that is affected by carrier-carrier interaction is the effective mass. When the exchange

interaction is screened efficiently. weak dependence of carrier self-energies on momentum leads 1o small mass reduction
and increase in bandwidths.2® However. around transparency density. Coulomb enhancement is still important and
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change in the effective mass may not be negligible. As a matter of fact. recent time-resolved cyclotron resonance
experiment?! demonstrated a larger than ten percent change in the cyclotron mass of electrons in a photo-excited
EHP in the bulk InSb, a narrow-bandgap semiconductor. The mass change is attributed to the enhanced k- §
interaction as the bandgap is shrinked due to BGR. However, momentum-dependent exchange interaction contributes
to the effective mass renormalization as well. Thus. it is worthy of looking into the problem to have a quantitative
understanding. We adopt the same material system of an & nm GaAs/Alg.3Gag 7As single QW for this study.

As a consequence of EMR, the alpha factor,??:?® formally known as the linewidth enhancement factor, is expected
to be modified accordingly. The factor is important for performance prediction of laser diodes since it affects the
spectral linewidth, dynamical stability, pulse chirping, and beam quality. It is desirable to have as small an alpha
factor as possible because it affects the maximum bit-rate in optical communication systems.?* Many-body theory
is essential in the accurate characterization of spectral dependence of the alpha factor.?® We will show that mass
renormalization does cause remarkable percentage change in the alpha factor at normal lasing carrier density, as
compared to the conventional treatment of many-body effects without EMR. Section 2 outlines our two-band SBEs
model and related formulation for calculation of EMR and the alpha factor. Numerical results and discussions are
presented in Section 3, followed by the conclusions in Section 4.

2. MODEL AND FORMULATION

Semiconductor Bloch equations!*81? have been used to describe the coherent laser-semiconductor interaction with
many-body effects. As the theory matures, various improvements are added to the pioneering work of Haug and
Koch.! Most notables are the inclusion of valence band structure and detailed dephasing calculation to get rid of
the relaxation time approximation.?®~?% As expected, semiconductor gain theory using SBEs becomes widely used in
the pratice of modeling and simulation of optoelectronic devices. Normally an extra term, Coulomb hole correlation
energy, is added to the carrier self-energy to account for the energy difference between a carrier in the presence of
a bare Coulomb potential and a screened one within the Hatree-Fock approximation. Despite its non-self-consistent
feature this mixed treatment allows accurate inclusion of many-body effects in the gain theory.!® Based upon the
above consideration we choose this conventional treatment in the present work. The non-diagonal part of the
semiconductor Bloch equations for a two-band electron-hole plasma is given as follows. in standard notations.
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In the above equations, other than the assumption of quasiequilibrium of the EHP. which means the distributions
are solely determined by carrier density and temperature, as a consequence of the ultrafast scatterings among carriers,
we need to model the screened Coulomb potential, 1. In exact 2D, an analvtical form, ka”p . can be found for the
potential under the so-called single plasmon pole approximation.’® In quasi-2D. & screening form factor. which
measures the finite extension of the carrier wavefunctions along the confinement direction, has to be introduced in
the screened potential. In the case where only the lowest subband is occupied. which 1s the case we are considering in
this paper. the constant density of states leads to a weak dependence of the screening effect on carrier density. Near
transparency density of a semiconductor QW the relatively small screening length ~ 25 A} allows us to consider
the long wavelength limit of the screening effect and a factorization of the screened potential into the screening form
factor and 2D screened potential. The result is shown below.

Ve = F(RVEPP  F(R) = (1+ bok + bk 71 (3)
where by=2.67x10-? (m) and b;=4.76x107'* {m?). These two parameters are derived as an extension to the single

parameter fit to the form factor for an 8 nm GaAs QW.
Effective mass renormalization. as a manifestation of many-body effects. is du¢ to both BGR-induced E-p

interaction enhancement and momentum-dependence of the exchange contribution ir: the carrier self-energy. In the
present work, we focus on the momentum-dependent part (hereafter this part is referred to as exchange-induced



EMR) and investigate the change in effective masses due to this part. The formulation is straight-forward as given
below, by dropping carrier index for brevity,
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where & denotes the corresponding exchange term in Eq. (2).
Finally, gain and carrier-induced phase shift are computed by matrix inversion of Eq. (1) and the alpha factor is

defined as , )
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following Chow et. al.*® Comparison is made between cases with and without effective mass renormalization. For
the latter case, rigid shift of the carrier self-energies by BGR is considered. Fig.(1) shows our numerical results of
gain and carrier-induced phase shift with and without EMR.
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Figure 1. Gain and carrier-induced phase shift results as obtained by matrix inversion of the SBE for an 8 nm
GaAs QW. Bandgap shrinkage is clearly seen as curves red-shift when carrier density increases. Solid curves take
into account of effective mass renormalization and the dotted curves do not.

3. RESULTS AND DISCUSSIONS

We restrict our studied system solely to 8 nm GaAs/ Alg 3Gag.7As single QWs at 300 K and with areal plasma
densities in the range of Ix 1012cm™2 to 8x 10*?cm™2. The dephasing rate. k7. is taken to be 5 mel’ Material

parameters can be easily found in literature and will not be given here.

3.1. Bandgap shrinkage

Bandgap renormalization in electron-hole plasma in both 2D° and 3D?® has been known to follow scaling laws, though
there are disagreements in quasi-2D.!° Photoluminescent spectroscopy has been utilized in determination of BGR in
photoexcited EHP systems, and experimental data vary from group to group.”#11:13:1% Theoretically. Jalabert and
Das Sarma'® have compared their BGR result. calculated with dynamical random-phase-approximation and scaled
with 2D ezcitonic parameters. with the experimental data by Trénkle et. al.” " whick suggested a universal scaling
law for BGR in quasi-2D semiconductor QW structures when scaled with the same 2D excitonic parameters, and

found no agreement.



In Fig.2, our numerical results of BGR in an 8 nm GaAs/Alg3Gag.7As single QW is compared with scaling
behaviors in both 2D and 3D. We have adopted an excitonic Rydberg (Ry) of 9 mel” for our quasi-2D system®’ and
the Bohr radius (ag) has been computed to be 84{.76 A by assuming a2 x Ry = const for a specific material system.
A fitting expression for BGR has been found to be

AE, /Ry = —2.31382 x r;0'7137 ,Ts = (wnag)—% , (6)

Also plotted in the figure are experimental data by Jones et. al.!® scaled with the same parameters. Apparently
there is no agreement among any of these curves. It is worth noting that our data move up above the 2D curve if
scaled by 2D parameters, so do the experimental data by Jones et. al., but the data by Trankle et. al., if scaled by
quasi-2D parameters, lie below the 3D curve. A consistent understanding of our data, in comparison with scaling
laws in 2D and 3D, lies in the screening capability of the EHP. As the system undergoes quantum confinement in a
certain direction its efficiency of screening is reduced accordingly.? So, even though Coulomb interaction is enhanced
at reduced dimensionality, as indicated by larger excitonic Rydberg energy. the scaled BGR curves lie above 3D’s.
It is important to point out that this reduction in screening efficiency depends upon the size of the QW structure
and a smooth behavior is expected since no abrupt change in any parameter has been found. This would lead us to
conclude that there is no universal scaling behavior for BGR in semiconductor QW structures. Furthermore, it is
interesting to note that a fully quantum mechanical interpretation of PL spectroscopy with many-body effects has
been discussed by Koch et. al.®! in this symposium, which may shed light upon resolving the high divergence of the

PL data from different groups.
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Figure 2. Numerical results of bandgap shrinkage for an 8§ nm GaAs QW as compared with 2D analvtical expression,
a+br,

1
AE,/Ry = ~3.1(na)®, by Schmitt-Rink et. al® and 3D empirical scaling law. sz/Ry = 5% with g =

(X

(7nad) by Vashishta and Kalia.2® Also shown are experimental data by Jones et. al.}® scaled by the quasi-2D
excitonic parameters. No universal scaling behavior in quasi-2D is vindicatec.

3.2. Effective mass renormalization

Effective mass renormalization due to momentum-dependent exchange interaction is negative at low energy and
relatively small, as shown in Fig.3. The percentage change in the effective mass can reach over 8% for holes near T’
point at a density of 6x 10'2cm™2. while electrons are only about 3% lighter a- maximum at Ix 10"%cm™*. Exchange-
induced EMR is reduced as carriers move away from I' point. And at high energy. exchange-induced EMR is reversed
and carriers become heavier, though the percentile is smaller. As carrier density increases, exchange-induced EMR

reduces for electrons. The cause is a mixture of increasing screening and inefficient occupation of the added electrons,



as explained below. Coulomb potential is weaker as screening becomes stronger, and added electrons fill high energy
states near the chemical potential, due to electrons’ statistical degeneracy. The exchange interaction still increases,
but its momentum dependence is effectively weaker because the added electrons interact weaker at high energy (i.e..
large momentum), according to Eq. (2), as both the potential and distribution function are smaller in magnitude
at large momentum. Therefore, exchange-induced EMR decreases with the carrier density. Holes basically follow
a Maxwell-Boltzmann distribution so the added holes spread over the energv spectrum. As a result, the exchange
interaction steadily increases with carrier density. Therefore, its exchange-induced EMR monotonically grows with

carrier density.
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Figure 3. Energy dependence of percentage change in the effective mass due to momentum-dependent exchange
interaction for electrons and holes. Positions of the chemical potential are marked with crosses. The change is
maximum in magnitude at ' point for both electrons and holes. and approaches zero at large energyv. Carriers can
be heavier in certain energy range bevond the chemical potential.

Depicted in Fig.4 are the dependence of percentage change in the effective mass upon carrier density for electrons at
both T point and the chemical potential and for holes at I point. Because of their smaller mass. electrons experience a
markedly different change in exchange-induced EMR in contrast to what holes go through. The momentum-dependent
exchange interaction makes electrons’ mass lighter as density drops. However. EMR due to BGR-induced enhanced
k - p interaction could overhelm it from distinction, especially in narrow-bandgap semiconductors. Subsequent work
will clarify this point. The change at the chemical potential is smaller because of weaker exchange interaction
at larger energy. It is worth mentioning that Jalabert and Das Sarmal? found similar results for the effective mass
renormalization in quasi-2D electron gases by using dynamical random-phase-approximation. as shown in their Fig.3.

Now let’s discuss the time-dependent behavior of the electrons’ cyclotron mass in narrow-bandgap InSb studied by
Kono et. al.?! in an interband-pump-and-intraband-probe experiment, withir our two-band model. They found that
the electron effective mass “increases as a function of time.” In a typical time-resovled photoexcitation experiment,
ultrafast thermalization is followed by cooling down of carriers through interaction with LO phonons. Quasiequilib-
rium can be assumed after ultrafast thermalization. Then spontaneous emissions at a nanosecond timescale start
to take place, which is a slow channel to consume carriers. The time delay in the experiment extends to 1.2 ms.
The fast change in the cyclotron mass. in the order of 100 ps. if to be related to density decline, is most probably
through Auger processes, which have been known to dominate carrier consumption in long wavelength interband
lasers. Further study is needed in order to fully understand the EMR behavior in the experiment. The dominant
EMR contribution in InSb is due to BGR-induced enhanced k - § interaction.. which has been estimated to be about
17% and exchange-induced EMR is a minor correction to the k -  contribution.
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Figure 4. Carrier density dependence of percentage change in the effective mass due to momentum-dependent
exchange interaction at I' point (solid line), and at chemical potential (dotted line) for electrons and at I' point for
holes. Electrons’ change due to exchange interaction increases as density drops in the studied range because of their
statistical degeneracy, in contrast to holes’ change.

3.3. The alpha factor

As important a parameter as the alpha factor, the suppression of it is what technologists dream of. The factor has
been reduced considerably by using quantum well structure.3? Reduced density of states at reduced dimensionality
allows easier population inversion (i.e., lower threshold) and larger differential gain. As EMR occurs, the lighter mass
means further decrease in the density of states. Therefore we expect an additional reduction in the alpha factor. In
Fig.5, percentage change in the alpha factor due to exchange-induced EMR is shown. The change is nonnegligible
and increases with carrier density. At certain photon energy it can reach a 20 percent suppression. However. the
change at the peak gain frequency is uncertain and relatively small.

4. CONCLUSIONS

Within the framework of semiconductor Bloch equations with many-body effects under the Hatree-Fock approxima-
tion and the single plasmon pole approximation for static screening, we have demonstrated that there is no universal
scaling law for the bandgap renormalization in semiconductor quantum well structures. The physical reason is simply
because the screening effect is dependent upon QW size. which promises a smooth transition from 3D to 2D. The
effective mass renormalization due to momentum-dependent exchange interaction can be as large as § percent for
holes and smaller for electrons, while its dependence on carrier density relies on the degree of statistical degeneracy
of carriers. In the range of interest, 1x10'2 to 8x10*?cm™2, exchange-induced EMR drops for electrons as carrier
density increases, in marked contrast with holes. As for the alpha factor, its relative change increases with carrier
density and can be as large as 20 percent near its minimum at the highest density of 8% 10" cm~? in our study.
However. its change at the peak gain frequency is not as remarkable.
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Figure 5. Percentage correction to the linewidth enhancement factor due to effective mass renormalization. The
correction increases with carrier density. Inset shows the calculated alpha factor. Solid lines are with EMR and
dotted lines are without.
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